A three-dimensional ordered and self-organized semiconductor system emitting highlypolarized light in the yellow-orange visible range (580-650 nm) 1-4 A key factor for success is the ability to produce light with high efficiency and with a very small footprint, i.e. fundamental properties compatible with the demanding requirements of compactness and integrability. As a consequence, considerable effort has been dedicated to the investigation of novel materials and designs for LED devices, aiming to improve efficiency, spectral properties and to add integrated functionalities.
Light emitting diodes (LEDs) are currently driving innovation in many technological areas, such as displays for TV/monitors, mobiles and laptops, lighting and automotive, optical interconnections, logic and sensing. [1] [2] [3] [4] A key factor for success is the ability to produce light with high efficiency and with a very small footprint, i.e. fundamental properties compatible with the demanding requirements of compactness and integrability. As a consequence, considerable effort has been dedicated to the investigation of novel materials and designs for LED devices, aiming to improve efficiency, spectral properties and to add integrated functionalities. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] However, some fundamental issues in light emitting diode technology are still outstanding.
For instance, semiconductor-based III-V LEDs show a well-known drop in efficiency at wavelengths in the range of 550-640 nm (yellow-red optical band of the spectrum) in both nitride-based and phosphorus-based compounds. 15 In III-P compounds this is linked to poor electron confinement (related to the direct-to-indirect bandgap transition for Al:Ga ratio above ~53:47% in AlGaInP lattice-matched to GaAs, 15 which result in a severe reduction in the radiative recombination efficiency), while in InGaN materials the increasing In content, required to shift the emission from blue towards the yellow, introduces a larger number of structural defects, segregation and strong quantum mechanical Stark effects that seem unavoidable detrimental factors for optical properties. [16] [17] [18] [19] Moreover, traditional quantum well LEDs can show a strong reduction in current-to-light conversion efficiency due to nonradiative recombination paths created by surface states (particularly relevant in LEDs in the micron size range), a very relevant limiting factor for truly microLED technology implementation. It should also be added that polarized light emission, critically required in a variety of applications such as LCD screens and environmental lighting, 20-22 is presently achieved only by additional structures such as gratings, filters and plasmonic nanostructures that increase the complexity of the device fabrication and reduce the external quantum efficiency. [23] [24] [25] [26] [27] [28] [29] [30] A viable approach able to mitigate these outstanding issues could be the exploitation of carrier confinement in low dimensional nanostructures. For instance, epitaxial growth has been used to self-assemble high density and high crystal quality quantum dots (QDs)
providing high temperature stability and low threshold currents in lasers and LEDs. [31] [32] [33] Nevertheless this is a paradigm that critically requires no (defect-related) lattice relaxation.
AlGaInP alloys for red emitters do not offer issues in terms of lattice relaxation, as latticematching to GaAs can be constantly maintained while varying the Al content to shift the emission from red (650 nm for simple InGaP lattice-matched to GaAs) to yellow, maintaining high crystal quality without any polar crystallographic direction. We observe, on the other hand, that although the quasi 0-dimensionality of QDs allows maximizing the carrier quantum confinement, polarized light for surface emission cannot be directly produced due to a generally high symmetry of the crystallographic structures, as it is also the case in the traditionally exploited quantum wells.
In this regard, the one-dimensionality of wire-like nanostructures would allow the unique coexistence of better carrier confinement and spontaneous polarized emission. 34 However, reliable and scalable methods to grow embedded self-assembled wires without pre-patterned templates (such as V-grooves), 35, 36 and with a design optimized for yellow-orange light emission are, to date, missing.
Here we present a reproducible growth process to realize ordered self-assembled multilayered in-plane AlInP/AlGaInP quantum wires (SMWRs) grown on a GaAs substrate.
The wires, with lateral size of ~10-25 nm, center-to-center spacing in the growth plane of ~50
nm and a few microns in length, can be organized in vertical columns of up to 200 wires per column, and show light emission in the yellow-orange visible range (580-650 nm).
Temperature-dependent photoluminescence spectroscopy alongside a 8-band kp model simulations were exploited to unveil the fundamental physical processes in light production, including the influence of escape processes and band alignments, and to estimate the internal quantum efficiency (IQE).
We also show that the IQE of a 100 layer SMWR structure can be critically improved by adding a quantum well (QW) coupled to the SMWR system (QW-SMWR), functioning as a carrier injector. When compared to a (comparable, but by no means optimized) AlGaInP five QW structure, the IQE of the QW-SMWR hybrid system outperformed the QW structure in the entire range of temperature explored (4-300 K), exhibiting up to one order of magnitude higher internal quantum efficiency (at 100 K). Finally, prototype LED devices were characterized showing low turn-on voltage, lower surface recombination currents compared to QW LEDs and highly polarized in-plane light emission. The results obtained from the QW-SMWR system show great potential in terms of design flexibility and emission efficiency, opening up interesting perspectives towards development of cryogenic and room temperature optoelectronic devices.
All epitaxial samples discussed were grown in a high purity MOVPE [37] [38] [39] The LED devices were grown on a n-doped GaAs substrate 6° ± 0.02° off towards (111) A.
The structure consisted in 100 nm Al 0.75 Ga 0. showed that the InP "dot-like" emission was shifted towards shorter wavelengths, around 600
nm. Figure 1c shows the PL spectra of three representative samples in which both the Moreover, focusing at the bottom of each column, one can observe a pedestal-like structure at the beginning of the column formation process. Indeed, the first stacked layers are much more disordered, in agreement with the AFM scan of a single layer, as shown in figure 1a-b.
From the cross-section TEM picture, it can be inferred that the system takes around 20 layers in order to self-organize in regular spaced columns arising from the vertical correlation of the in-plane wire formation. We speculate that this organization is fundamentally driven by strain forces related to the large lattice mismatch between the (Al 0.6 Ga 0.4 ) 0.52 In 0.48 P layer, which is lattice-matched to GaAs, and the strained thin Al 0.2 In 0.8 P layers. 40 It is also worth to note that after the required ~20 layers to reach an organized morphology, the resultant system is very stable for a further increase of l, allowing growth of samples with up to l=200. We also observed that multilayered structures resulted in very different morphologies on perfectly oriented GaAs substrates, and, in general, it was not possible to grow 20 or more layers without the appearance of evident structural relaxation and a resulting red-shift of the emission above 700 nm. Accordingly, we speculate that the surface step (bunched) organization in a 6 off GaAs substrate affects the Al 0.2 In 0.8 P ad-atom incorporation and inplane ad-atom mobility and constitutes a key factor for the long-range self-organization of the AlInP wires (see SI).
We finally observe that while the growth organization here seems unique to this material system and has no obvious equivalent in the literature, vertical nanostructure organization has been indeed reported several times in other systems. For early examples see references 44-46. attributed to an increase of point defects with the Al content in AlGaInP. 47 On the other hand, the stronger peak at 580 nm, tunable by varying the Al content in the AlInP compound, is attributed to the "wire" emission. Moving from 8 K to room temperature the wire emission was red-shifted by roughly 10-20 nm, comparable to the bandgap renormalization described by the Varshni equation, and dropped by more than 2 orders of magnitude in intensity. show any detectable emission at RT, a drastic increase in intensity by at least two orders of magnitudes was observed when l was increased from 8 to 20, while a linear trend with the layer number was found for l >20. This is in agreement with the morphology evolution described in figure 2 , in which around 20 periods were required for self-assembled ordering in the columnar nanowires to become established. We also noticed, since the morphology of a multilayer structure with l >20 was very stable, that the room temperature intensity can be improved by a simple proportional increase of the number l (this has been experimentally verified up to l =200). The evolution of the IQE with temperature of a SMWR with l=60 is presented in figure 4a.
The overall trend expected for an AlGaInP system is a decrease in emission intensity with increasing temperature, attributed to thermally activated escape of excitons from the (poorly) confined regions (wires here, wells in conventional red emitters) to the barriers and to subsequently non-radiative recombination processes. 47, 48 However, we observe that before the drop in intensity for T>100 K the integrated intensity showed an anomalous increase, reaching its maximum around 50-60 K. 49 Moreover, a model based on a single escape process was not able to reproduce the data trend above that temperature (see SI).
states have larger electron effective mass compared to the Γ valley. Assuming the transition of the Γ-like electrons in the quantum wire into the barrier X valley is the likely thermally activated non-radiative pathway in this structure, we find that the potential barrier for direct gap electrons is 10 -40 meV, depending on exact structure assumed (40 meV in figure 4b-c).
On the other hand, heavy holes are confined much deeper in the wire, with the potential barrier between 120 -195 meV (53 and 178 meV in figure 4b-c respectively to the barrier heavy-hole band edge). Our calculations also show that the variation of wire geometry, which can be seen in figure 2 , does not change the (ground state) transition energy significantly enough to reproduce the width of the PL spectra, and it is likely that interdiffusion of Al and
Ga occurs between the wire and barrier during growth (see SI).
Building on this analysis, we have used a simple model to describe the temperature dependence of the emission intensity observed in figure 4a. Since the conduction band minimum in AlGaInP is at the X point in reciprocal space, the carrier migration rate from the barriers into the wires is reduced at low temperature, due to the low number of phonons available. However, the electron-phonon scattering probability increases approximately quadratically with temperature, thus allowing excited carriers in the barriers to diffuse into the wires and enhance the wire emission intensity. For temperatures higher than 50-60 K, confined carriers can leak out from the wire. In particular, electrons should be the first to have enough thermal energy to escape, based on the asymmetric carrier confinement energies derived from theory. This process should be followed by a similar thermally activated emission of holes at higher temperatures. If so, the thermally activated migration of carriers from the wire to the barriers and the availability of non-radiative recombination paths outside the wire should be considered the dominant mechanism behind the loss of intensity at room temperature.
According to this, we can estimate the formal behavior of temperature dependency of the integrated intensity I(T) as (see SI)
where is the radiative lifetime, and ℎ the escape time constant for electron and holes respectively and the time constant for carrier injection from the barriers to the wires. The variation of the radiative lifetime with temperature can be described as ( )~√ for a wire ( ( )~ in a well), with /ℎ ( )~/ and ( )~− 2 .
50, 51
The data fit showed in figure 4a reproduces well the data across the whole range of temperature. In particular the fit provides 20 meV and 120 meV as activation energies for electrons and holes respectively, in reasonable agreement with the theory. It should be noted that according to theoretical predictions electron confinement in (Al 0.3 Ga 0.7 ) 0.52 In 0.48 P QWs (emitting at the same wavelength) is expected to be larger, potentially leading to a higher IQE at high temperatures. comparable overall nominal thickness of the emitting layers). We assume the ~0 K IQE to be near unity as is custom in these cases. While for T<150 K the SMWR IQE is larger than the that of the QW structure up to 1 order of magnitude (at T=100 K), at RT the QW structure IQE exceeds that of the beats SMWRs by more than a factor of 2.
However, a much larger improvement in the room-temperature efficiency of our structures can be obtained in a hybrid system in which a single quantum well is coupled to the SMWR system. In this scheme of work, depicted in figure 5b, the additional (Al 0.5 Ga 0.5 ) 0.52 In 0.48 P quantum well, having a bandgap slightly larger than the wires (i.e. not contributing to the wire emission photoluminescence), can be used as a reservoir to inject carriers into the wires, and partially compensate the thermally activated quenching of the emission. 52 The IQE of the resultant hybrid device, containing just 60 layers (just over half that of the SMWRs shown by the dark blue dots in figure 5a ), showed more than one order of magnitude higher efficiency compared to the system without a QW, and exceeds the efficiency of the 5QW . This result demonstrates that the SMWR structure can be engineered not only to achieve a specific target wavelength, but also to improve red emitter efficiency by structural design. A/cm 2 . Similar values were observed for the QW LED, indicating that the low current density required should be ascribed to the current-spreading layer design rather than the material structure. Investigation of LED devices with comparable surface area but different perimeters unveiled important differences in the surface current contribution for the two types of LEDs.
In a first approximation, the total current density injected into the LED can be described by 53 = + where is the current density flowing through the bulk of the material, (A/m) the surface current per unit length of perimeter P and A the area of the LED, respectively.
Assuming that the carriers flowing through the surface do not recombine radiatively, and the emission intensity is only proportional to , the percentage of the injected current / that contributes to the radiative emission can be inferred from the linear fit of the data. In particular, two different trends for the QWs and the SMWRs LEDs were observed. In both devices only a small fraction of the injected current was actually passing through the bulk of the material. In the 50x50 m 2 QW LED only 4.4 % of the total current is contributing to the emission, with this value decreasing to 1.9 % in a 20x20 m 2 device. On the other hand, the value of / in the SMWR LED was found to be 30 % and 13 % for the 50x50 m 2 and 20x20 m 2 device, respectively, almost one order of magnitude larger.
The reduction of the surface leakage current was further supported by a reduction in the current spreading (see SI) in the SMWR LED. In fact, the higher degree of space confinement and potential fluctuations experienced by carriers in the wires, compared to that in the QWs, reduces the carrier diffusion towards the LED surface before recombination.
This therefore suggests that higher current-to-light conversion efficiency and a LED size reduction without any loss in efficiency are achievable in QW-SMWRs.
An important additional benefit of SMWR LEDs is that their spontaneous light emission is polarized predominantly along the wire main axis. These results provide an interesting perspective for SMWR structures for polarized highefficiency yellow/amber/red light emitting diodes.
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Sample characterization
The detailed morphological study was performed with atomic force microscopy (AFM) in tapping/noncontact mode at room temperature and in air. Table S1 ). figure S4 ) on the short wavelength side of the measured 300 K PL spectrum for the structure being considered. Table 1 shows the emission wavelength calculated for a range of further changes in dot and barrier composition, dimensions and periodicity. If we double the wire base length (breaking the assumed nominal composition ratio of 0.4:3.0), this leads to a small red shift in the emission wavelength, but still on the short wavelength side of the measured PL spectrum as indicated by the purple arrow in figure   S4 . One route to longer wavelength emission is to allow interdiffusion of Al and Ga between the wire and barrier regions, as illustrated by the brown and black arrows in figure S4 , Overall, we conclude that the band offsets and confinement energies presented in figure 4 (a) and (b) provide a good starting point to discuss recombination in the SMWRs investigated.
Phonon-electron injection model
The temperature-dependent integrated intensity of SMWRs showed an anomalous increase of emission intensity at low temperatures with a maximum peak around 40-50 K. This feature, scarcely reported in literature, was reproducibly found in all samples with barriers' Al content higher than 50%, while no evidence was found in samples with direct bandgap barriers (see fig S3b) . Since this phenomenon was correlated to the direct-to-indirect bandgap transition of the AlInGaP barriers, we speculate that an electron-phonon scattering process might be responsible for the increase in the emission intensity. Indeed, at low temperature, where the carriers are well confined at the  point of the wire and the thermal-activated escaping can be neglected, phonon-scattering events may let electrons/holes diffuse from the barriers to the wires, including the intraband transitions from the X point to the  point for electrons, where they remain confined and eventually recombine radiatively. In particular, we can speculate that the recombination lifetime at the X point in the barriers is probably longer than the radiative recombination lifetime at , due to both the k-mismatch as well as a potentially larger effective mass leading to a reduced mobility. Therefore electron-hole pairs excited by the laser radiation (with energy above the barrier bandgap) have enough time to move from the barrier into the wire via scattering with the phonons before recombination. This diffusion process, mainly activated by the interaction with the lattice (i.e. by temperature), can then lead to an increase in the integrated intensity with the temperature (below 80 K). By contrast, this process may be less likely in barriers with a direct bandgap, where the carrier lifetime may be too short to allow diffusion from the barriers to the wires.
For a further rise in temperature however, the electrons and holes have increasing probability to escape, followed by carrier redistribution across the entire superlattice conduction (valence) band and non-radiative recombination resulting in a photoluminescence quenching.
However, according to the theoretical band alignment discussed in the article, electrons and holes have different confinement energies. Therefore, we propose a simple model that takes into account the phonon-mediated injection of carriers into the wire and the thermally activated escape of electrons and holes with different activation energies.
In the simple model of a system with two thermally activated non-radiative recombination mechanisms, the relation between the carrier generation rate, the radiative recombination rate, and and ℎ the two escapement rates is, following refs
Assuming an additional electron-phonon injection mechanism with a scattering rate the relation becomes, with this ansatz
Since the emission intensity as function of the temperature I(T) is proportional to the ratio
We obtain by substitution the final expression (always assuming this as a reasonable approximation)
Here the temperature dependence of the radiative lifetimes with the temperature can be (103 and 53) meV respectively). At the same time, by reducing the dimensionality of the structure it may not necessarily mean that the hole confinement is improved. Different wire geometry, intrinsic to the Stranski-Krastanov growth, can result in a range of confinement energies. The primary effect of the reduced structure dimensionality typically leads to a shallower confinement.
We should point out that the two activation energies could be attributed also to two exciton confinements in different parts of the multilayer structure. In fact, figure 2c shows that in the "pedestal" of the column the wires are not well defined and the system is much more disordered. This in turn may lead to a lower carrier confinement in this region. However, the fact that this two activation energy model is also required for the QW system, giving a similar value of electron confinement, supports our former description rather than the latter. we noticed that the emission of a single QW was not observed, and only a weak emission was obtained by 4 QWs at 8 K. This suggests that the carriers in the QWs are basically redistributed across the SMWR structure, thus contributing to increase the emission intensity.
Finally, we found that having a top and bottom AlInGaP barrier with Al content around 80 % (tensile strained) increased the overall RT intensity by a factor 2 (see figure S6a-b). 
